A novel RF LDMOS device structure and corresponding manufacturing process are presented in this paper. Deep trench W-sinker (tungsten sinker) is employed in this technology to replace the traditional heavily doped diffusion sinker which can shrink chip size of the LDMOS transistor by more than 30% and improve power density. Furthermore, the W-sinker structure reduces the parasitic resistance and inductance and improves thermal conductivity of the device as well. Combined with the adoption of the techniques, like grounded shield, step gate oxide, LDD optimization, and so forth, an advanced technology for RF LDMOS based on conventional 0.35 m CMOS technology is well established. An + power amplifier product with frequency range of 1.8-2.1 GHz is developed for the application of 4G LTE base station and industry leading performance is achieved. The qualification results show that the device reliability and ruggedness can also meet requirement of the application.
Introduction
Laterally diffused metal-oxide-semiconductor (LDMOS) technologies have been the first choice in wireless base station applications for nearly the last 20 years due to their high gain, high efficiency, superior linearity [1, 2] , and being easy to integrate with CMOS technology [3, 4] . RFLDMOS provides the most cost-effective solution for the base station system applications because it can be fabricated with lowcost and mature Si process compared with GaAs and GaN technology. Moreover, LDMOS transistors can be used at high frequencies to achieve a high continuous peak power [5, 6] . Because of these merits, RF LDMOS can also be used in a wide range of applications requiring radio frequency power amplifier like broadcast, pulsed radar, ISM (industrial, scientific, and medical) applications, and so forth [7] [8] [9] .
In this study, a novel RF LDMOS device structure and corresponding manufacturing process are proposed and developed based on conventional 0.35 m CMOS technology, and deep trench W-sinker (tungsten sinker) is employed in this technology to replace the traditional heavily doped diffusion sinker to realize an effective connection from source to the back side of the substrate, which reduces chip size and also improves power density of the device greatly. Combined with the adoption of the techniques like G-shield (grounded shield), step gate oxide, LDD optimization, and so forth, an advanced technology for RF LDMOS is well established. An + power amplifier product with frequency range of 1.8-2.1 GHz is developed for the application of 4G LTE base station. Both DC and RF performance of the device are evaluated and the results show that industry leading performance is achieved. Besides, the qualification results show the device reliability and ruggedness can also meet requirement of the application. This paper is organized as follows. Section 2 describes the design of the proposed W-sinker RF LDMOS device structure and corresponding manufacturing process. In Section 3, device measurement results are presented including DC, RF, and ruggedness. In Section 4, conclusion is given.
The Proposed Device Structure and Process Features
The cross-sectional view of the proposed device, shown in drain extension), G-shield (grounded shield), and sinker. A lightly doped epitaxial layer with certain thickness is grown on the highly doped Si substrate to meet the requirement of breakdown voltage for the transistor. A tungsten G-shield plate formed between gate and drain not only reduces the feedback capacitance Cgd but also improves the reliability of the device by reducing the peak electric field at the gate-edge and the drift region. By optimizing the dopant and length of the N-LDD, high breakdown voltage, low on-resistance, and low HCI (hot carrier injection) could be realized. Gate is formed by Ti-salicided polysilicon with sheet resistance lower than 1.5 ohm, which could ensure power swing under high frequency and low power loss of the large power device composed of multifinger; hence both efficiency and power density could be improved. The back-end which consists of three metal layers and total 10 m thick interlayer dielectric helps to reduce the output capacitance, and 3 m thick top metal further makes the device low parasitic metal resistance, good electromigration (EM) reliability.
Step gate oxide structure is adopted as shown in Figure 2 , and the thermal gate oxide is thin at the source side and is tapered to a thicker oxide at the drain side, which not only reduces input capacitance Ciss, output capacitance Coss, and feedback capacitance Cgd, but also improves power gain and reliability of the device [10] . Furthermore, self-align channel is formed by the lateral diffusion of boron ions which is implanted self-aligned to the gate, and extremely short and uniform channel can be achieved even without high resolution photolithograph process and thus also enhances the gain and reliability of device. Many techniques have been used to improve power density of RF LDMOS device. For example, RESURF (reduced surface field) method and triple G-shield have been adopted in [10] . In this study, a novel W-sinker (tungsten sinker) is employed in the RF LDMOS device to replace the traditional heavily doped diffusion sinker to realize ultralow resistance connection from source to the back side of the substrate; the W-sinker is formed by deep trenching to the P+ substrate and filling it with chemical vapor deposited tungsten, and then the trench is planarized by CMP (chemical mechanical polishing). Compared with the conventional diffusion sinker, by adopting W-sinker, the chip size of RF LDMOS device can be reduced by more than 30% and power density of the device can also be greatly improved. Although trenched sinker LDMOSFET (TS-LDMOS) structure has been proposed in [11] in which the trench is filled with highly doped polysilicon, the W-sinker proposed in this study still has many advantages over the trenched poly sinker. Firstly, the resistivity of tungsten material is normally 2 orders lower than that of polysilicon even if it is heavily doped. For example, at room temperature (20 ∘ C), the resistivity of tungsten is about 5.48 × 10 −6 ohm-cm while the resistivity of heavily doped silicon is about 1.17 × 10 −3 ohm-cm under boron dosage of 1 × 10 20 cm −3 . Secondly, the trench filling capability of tungsten is better than polysilicon; in particular, it is shown to be more beneficial when it comes to high aspect ratio of the trench. For a RF LDMOS device of 50 V operating voltage, the EPI thickness reaches around 9-10 m, the trench depth is required to be even higher, and W-sinker is more adoptable. Thirdly, polysilicon is apt to yield stress on the wafer compared with tungsten due to different material properties; in the followed up high temperature processes, drastic stress changes caused by poly recrystallization may lead to dislocation, device leakage, and reliability failure of the power device.
The cross-sectional SEM view of the fabricated W-sinker RF LDMOS is shown in Figure 3 , where the W-sinker has depth of 10 m and width of 1 m, respectively. 
Test Results of the Fabricated RF LDMOS Device
Based on the W-sinker RF LDMOS device structure and technology described in Section 2, a 30 V/100-Watt + power amplifier (PA) product for the application of 4G LTE base station is developed; DC characteristics of a single transistor device (width = 80 m), RF performance, and ruggedness of the + power amplifier product are evaluated, and the results are shown as follows. schematic diagram). The device is stressed under Vd = 28 V and Id = 5 mA/mm which is the same as actual operating conditions of base station application, and the RF input is pulsed CW (continuous wave) signal with 40 s pulse width and 4% duty cycle. Test results are shown in Table 1 ; the RF linear gain is 21 dB, the PAE (power added efficiency) is near 68% with the frequency of 1880 MHz at band, output power at 3 dB gain compression point (P3dB) reaches 50.2 dBm, and power density is over 1.16 W/mm. And the performance only shows a slight drop with the frequency of 2025 MHz at band. The detailed output power, gain, and PAE versus input power for 100-Watt + product are shown in Figure 6 . Industry advanced performance is achieved [10] . 
DC Characteristics. Instead of the
Gain (dB) A Gain (dB) F P.AE (%) A P.AE (%) F P in (dBm) P out (dBm)/gain (dB) P out (dBm) A P out (dBm) F
Ruggedness.
The device ruggedness is one of the important intrinsic reliability factors for RF LDMOS as challenging electrical and thermal environments are presented for the device in RF power applications. The most common ruggedness failure mechanism for LDMOS devices is the catastrophic failure resulting from the snapback of a parasitic bipolar junction transistor of the device [12] . TLP (transmission line pulse) measurement can be used to characterize the device's breakdown behavior and evaluate the ruggedness performance. Due to the ability of TLP measurement tool Barth 4002, test is conducted on the single transistor device (width = 80 um). The result is shown in Figure 7 . 2 (secondary breakdown current) reached 400 mA/mm which indicates that the device has very good ruggedness.
For the high power PA devices, the ruggedness can be measured by the VSWR (voltage standing wave ratio) load mismatch test using the same system as RF test ( Figure 5 ). Test results show that the + PA product passes P10dB conditions at the drain voltage of 32 V with the VSWR 20 : 1 load terminal mismatch. In 20 : 1 VSWR output mismatch, 82% of the output power is reflected from the load back to the devices and only 18% is transmitted to the load. The device shows very good device ruggedness.
Conclusion
A novel W-sinker RF LDMOS device structure is proposed and corresponding manufacturing process is developed based on conventional 0.35 m CMOS technology, and deep trench W-sinker is used to realize effective connection from source to the back side of the substrate. Compared to the conventional diffusion sinker, chip size can be reduced and power density of the device can be improved greatly. And the W-sinker proposed in this study also has advantages over the trenched poly sinker proposed by other works regarding the aspects of resistance, process adaptability, and stress. Combined with the adoption of the techniques like G-shield, step gate oxide, LDD optimization, and so forth, an advanced technology for RF LDMOS is well established. An + power amplifier product is developed for the application of 4G LTE base station on this technology. Test results show that BV of 67 V and Idsat of 204 mA/mm are achieved. RF linear gain is 21 dB and the PAE is near 68% with the frequency of 1880 MHz at band, output power at 3 dB gain compression point (P3dB) reaches 50.2 dBm, and power density is over 1.16 W/mm. All the parameters advance in the industry currently. Besides, the qualification results show the device reliability and ruggedness can also meet requirement of the application.
